We report transport measurements on a semiconductor quantum dot with a small number of confined electrons. In the Coulomb blockade regime, conduction is dominated by cotunneling processes. These can be either elastic or inelastic, depending on whether they leave the dot in its ground state or drive it into an excited state, respectively. We are able to discriminate between these two contributions and show that inelastic events can occur only if the applied bias exceeds the lowest excitation energy. Implications to energy-level spectroscopy are discussed.
The diamond edges correspond to level alignment: µ dot (N) = µ L or µ R (see angled solid lines). This alignment determines the onset for first-order tunneling via the ground state of the dot, leading to a peak in dI/dV sd (V sd ). The onset for first-order tunneling via the first excited state occurs at a somewhat higher bias (see dot-dashed lines in Fig. 1a , and the corresponding energy diagrams in Fig. 1b and 1e ). These first-order processes have been exploited as a spectroscopic tool on the discrete energy spectrum of dots [1] .
Here, we focus on second-order tunneling of charge which becomes more apparent when the tunnel coupling between the dot and the leads is enhanced. We neglect contributions from spin that could give rise to the Kondo effect. Elastic cotunneling can become a dominant off-resonance process at low bias. It gives rise to current inside the Coulomb diamond (light-grey region in Fig. 1a ). The corresponding two-electron process (Fig. 1c ) transfers one electron from the left to the right lead, thereby leaving the dot in the ground state.
For e|V sd | ≥ ∆(N), where ∆(N) is the lowest on-site excitation energy for N electrons on the dot, similar two-electron processes can occur which drive the dot in an excited state.
For instance, an electron can leave the dot from the ground state to the lowest Fermi sea, while another electron from the highest Fermi sea tunnels into the excited state (see Fig. 1d ). Although this type of process is called inelastic [4] , the total electron energy is conserved. The on-site excitation is created at the expense of the energy drop eV sd . To first approximation, the onset of inelastic cotunneling yields a step in dI/dV sd (V sd ) [11] . This step occurs when e|V sd | = ∆(N), which is not or only weakly affected by V g (see also Ref.
[12]). As a result, inelastic cotunneling turns on along the vertical (dotted) lines in Fig. 1a .
At the edge of the Coulomb diamond the condition for the onset of inelastic cotunneling connects to that for the onset of first-order tunneling via an excited state (dot-dashed lines).
Our device has the external shape of a 0.5-µm-high pillar with a 0.6 × 0.45 µm 2 rectangular base (inset to Fig. 2 ). It is fabricated from an undoped AlGaAs(7 nm)/InGaAs(12 nm)/AlGaAs(7 nm) double barrier heterostructure, sandwiched between n-doped GaAs source and drain electrodes. The quantum dot is formed within the InGaAs layer. The lateral confinement potential is close to that of an ellipse [13] . Its strength is tuned by a negative voltage, V g , applied to a metal gate surrounding the pillar. A dc bias voltage, V sd , applied between source and drain, drives a current vertically through the pillar. In addition,
we apply a small bias modulation with rms amplitude V ac = 3 µV at 17.7 Hz for lock-in detection. Measurements are carried out in a dilution refrigerator with a base temperature of 15 mK. We find an effective electron temperature T e = 25 ± 5 mK, due to residual electrical noise. The onset of inelastic cotunneling is also characterized by a certain width. In the zerotemperature limit, this is determined by the life-time broadening of the excited state. Two types of situations can occur. First, the excited state can be between µ L and µ R (see right inset to Fig. 3 ) so that inelastic cotunneling can be followed by first-order tunneling. Such a decay event leads to a life-time broadening of at leasthΓ R ≈hΓ/2. Second, the ground and excited state are both well below µ L and µ R , implying that only higher-order tunneling is allowed (see right inset to Fig. 4) . Decay from the excited state can only rely on cotunneling.
Since this is a higher-order perturbation, the corresponding rate, Γ co , is much smaller than Γ, leading to a reduced life-time broadening. To illustrate these arguments, we select different dI/dV sd − vs − V sd traces and analyse their shape in detail. This is somewhat larger than the width,hΓ/e ≃ 150 µV, measured in the zero-bias limit.
Indeed at finite V sd additional phase space is available for non-energy-conserving tunneling events. The most likely source for energy relaxation is acoustic-phonon emission [16] . The outer peaks correspond to the onset of first-order tunneling via the first excited state for N = 3 (see Fig. 1b ). These are even broader than the inner ones as a consequence of the further increased V sd .
The solid trace contains structure from both first-and second-order tunneling. The peaks the GaAs pillar.
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